Abstract-This paper presents a new position-and-velocity sensorless control of brushless dc motors using an adaptive sliding mode observer. The sliding mode observer is robust to measurement noises. Stability of the adaptive scheme is assured and estimation errors due to parameter deviations are analyzed.
I. INTRODUCTION OR controlling a brushless dc motor, it is necessary to F know the position of the rotor. The stator currents of the brushless dc motor are controlled to generate constant torque using the rotor position signal. Encoders or resolvers have been used for sensing the position. These position sensors, however, make the motor expensive and mechanically unreliable. Position and velocity sensorless controls which eliminate the encoders/resolvers have been studied [I] - [3] . In 1 I], the position signal of a brushless dc motor was detected by comparing the motor source voltages with phase voltages. These phase voltages were detected using a star-connected resistor circuit. The method can estimate the ranges of 120 electrical degrees in which the magnetic poles of the rotor are rotating. It is difficult controlling the torque of the motor to keep it constant with the rough position signal, and a velocity sensor is needed for a high-performance velocity control. The method in [2] obtains the induced voltages of the brushless dc motor by solving the state equations of the motor with detected stator currents and source voltages. Since the voltages, which are induced by rotating permanent rotor magnets, contain instantaneous values of the position and velocity of the motor, the method makes it possible to realize a high-performance servo controller. This method, however, uses differentiation of the stator currents to obtain the induced voltages and is vulnerable to measurement noises. In the case where the rotor speed is low, the induced voltages are small and hard to distinguish from noises. The observer in 131 estimates the position and velocity of the brushless dc motor using the relations between the induced voltages and the error of the estimated position from the actual rotor position. Since the estimation is carried out by utilizing the position error and the motor control is based on the estimated rotor position, the stability of the estimator and the error caused by parameter deviations are unclarified. ing, Nagoya University, Nagoya 464-01 Japan.
Sliding mode controllers for improving the robustness of the controllers have been proposed 141, [5] . While they are in a sliding mode, the controllers are insensitive to parameter variations and disturbances. But the manipulated variables in sliding mode are discontinuous and give severe stress to the controlled objects. Application engineers are reluctant to use the sliding modes in the fields. Sliding mode observers have been proposed 161, 171 and studied 181, [9] for robust estimation of the state variables of the controlled objects. Since the sliding modes occur in the observers, no stress is applied to the controlled objects. The sliding mode observers also have the salient feature of the sliding modes, i.e., robustness to disturbances.
This paper presents a new position-and-velocity sensorless control for brushless dc motors using a sliding mode observer. The new observer is robust to disturbances including the measurement noises. Since the switching signals of the sliding mode observer contain the induced voltages of the motors, it is possible to obtain the position and velocity of the motors directly from the switching signals. Although the estimated position can be used for locating the position of the rotor, the estimated velocity is heavily contaminated by noises from the switching signals. This direct method nullifies the merit of the sliding mode observer. Thus, this paper also presents an adaptive scheme for robust estimation of the velocity of brushless dc motors. The proposed adaptive scheme assures the stability of the estimator and makes it possible to estimate errors in the velocity due to parameter deviations. A compensation method for parameter deviations is shown. Simulations are carried out to verify the feasibility of the position-and-velocity sensorless control. 
SLIDING MODE OBSERVER
( 2 ) the power P supplied to the rotor is given by
( 3 ) I, is the amplitude of the stator currents. The generated torque of the motor 7 is obtained as
The torque 7 is controlled to be constant and proportional to the amplitude of the stator currents. To generate the stator currents i,, i,, i , given by (2), it is necessary to know the position of the rotor 8. The w-phase stator current i, is calculated from the following relation:
The source voltages can be detected from the PWM pattern signals and the dc source voltage of the PWM inverter. The torque current demand i T is generated through the PI controller from the deviation between the velocity command w* and the estimated velocity of the observer Oi. The current demand i : is transformed into the current demands of>he three phases i;, i : and i*, using the estimated position 8 as in the following:
The PWM inverter supplies the brushless dc motor with the resulting torque of the brushless dc motor is
If the sliding mode observer correctly estimates the position 8 and the velocity Oi of the brushless dc motor, the control system will have a high performance in velocity control. And the brushless dc motor without encoders/resolvers will have mechanical robustness. State equation of the brushless dc motor is expressed as
source voltages, U , = ( -w sin 8 w cos e)=: induced volt-
stator winding resistance, L :
emf constant, w = (w, wa)=: disturbance due to parameter deviations, and
The state equation is obtained by three-to-two phase coordinate transformation using the following matrix:
The stator currents i,, are obtained as
The source voltages U, are obtained through the same threeto-two phase transformation from the source phase voltages that are converted from the source line-to-line voltages U,,, U",, uwu.
Using (8), the induced voltages vi can be calculated with detected stator currents i, and source voltages U,. But this method makes it necessary to differentiate the stator currents and the differentiation is vulnerable to measurement noises. The sliding mode observer is made as the following:
where < denotes estimated values. And, The sliding condition [7] of the observer is given by
The switching gain K = k I should be chosen to satisfy this condition. Equation (15) 
Since the induced voltages Si and v i vary with time and the disturbance w is unknown, the constant switching gain k should satisfy the following inequality:
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Once the sliding mode occurs with a sufficiently small switching gain k , the equivalent control method [6], [7] becomes valid. Then
And (14) Fig. 4 . The portion enclosed with the dotted line of the block diagram is a kind of variable structure filter, which differentiates the output error. Considering that the equivalent gain of the switching element depends on the input variable, the equivalent transfer function of the variable structure filter Peq(s) when the measurement noise
Hence, the variable structure filter now is not purely the differentiation but incorporates also a low-pass filter whose cutoff frequency T", varies with the measurement noise. This result also clarifies that the sliding mode observer possesses a kind of adaptive filtering capability against measurement noises. The signals z in (19) are smoothed by low-pass filters and are used for the following adaptive scheme. The cutoff frequency of the low-pass filters was 150 Hz in the simulations in Section VI.
ADAPTIVE METHOD FOR ESTIMATION
Equation (19) is changed as follows:
The induced voltages U ; defined in (8) and the estimated induced voltages 2; are also obtained through the three-to-two phase transformation as
Then (21) is rewritten as
e + w . (24) cos e If w are zero, the correct rotor position e on the right hand side of (24) can be calculated using the available values on the left-hand side. Then the estimated position e can be updated. Even when w are not zero, the obtained rotor position is correct under the condition to be clarified in the sequel. Although the signals z contain a large amount of switching ripples generated from the sliding mode operation, it is found that the low-pass filter can eliminate the ripples sufficiently for the stator current control. But the velocity of the motor^ G, obtained by calculating the derivative of the position 0 , has enlarged ripples by the differentiation and is not suitable for the velocity control of the brushless dc motor. It is very difficult to eliminate the ripples by the low-pass filters.
In this section, an adaptive algorithm is introduced for estimating the velocity of the motor. The proposed adaptive method is not influenced by the switching ripples of the sliding mode observer.
By substituting (22) and (23) into (14),
The estimated position 6 in (25) is correct under the condition to be discussed in the next section, i.e., e^ = 8. The error equation (25) 
where g is a positive constant. The motor velocity w is treated here as a plant parameter and the acceleration c i is assumed to be zero. From (26), the equivalent control method gives
If w = 0, stability is assured as
The estimafed velocity G is obtained by integrating the acceleration & in (28). If the estimated velocity & is fast enough to converge to the true value U , the assumption ( c i = 0) is valid. The estimated velocity can be used for the velocity control of the brushless dc motor.
It seems to be possible to use a usual observer in place of the sliding mode observer for estimating the motor velocity. The usual observer, a full order observer in this case, uses constant gains for feeding back the errors of the stator currents e, instead of the sign functions of the sliding mode observer. Since the induced voltages of the brushless dc motor U ; are not detected in this system and the induced voltages rapidly vary in a wide range, the constant feedback gains are unable to make the errors of the stator currents e, and their derivatives e, zero. Thus, the feedback signals contain not only the information of the induced voltages but also the errors e,, e,. We are unable to find out an appropriate Lyapunov function for adaptive schemes with such feedback signals.
IV. EFFECTS OF PARAMETER DEVIATIONS
In case of w # 0, the stability of the proposed adaptive method is not clear. Therefore, effects of parameter deviations should be examined. The stator winding resistance R and emf constant K , are the main parameters that deviate a lot. Fig. 6(a) shows a corresponding vector diagram of (21). When AR < 0, the disturbance term w has the opposite direction to the stator current vector. From the figure, it is found that the next estimated rotor position from the left hand side of (24) becomes 6 -02. Then, in the next instance, the stator currents are controlled to flow on the position of 0 -1 9~.
Then the rotor position is estimated to be 8 + O3 as shown in Fig. 6(b) .
From Fig. 6 , it is found that if oscillates. Because the stator currents are injected into the motor in phase with the estimated rotor position, the generated torque by the stator currents contain ripples in this case. In the worst case, the direction of the generated torque becomes opposite to the desired one, and the motor will be stopped. The condition which does not cause the oscillation is obtained by substituting (23) and (31) into (34) and making the inequality opposite.
When AR > 0, 8, is always smaller than 8 , . In this case, the position error is suppressed. In the case of deceleration of the motor, the oscillation may appear when AR > 0. As for the deviation of emf constant A K,, the vector w is always in the same direction as the induced voltage vector v i . Thus, no position error occurs.
It is found from the above study that when (36) is satisfied, no position error exists. The motor velocity, however, is affected by the parameter deviations. The stability of the adaptive method is then analyzed as follows. Equations (31) The ultimate bound guarantees that the error of the estimated velocity is bounded by the value 1 A x I / I K , 1 and the adaptive scheme is stable.
It is known from the discussion about the position error that at least the estimated position of the brushless dc motor is not affected by the parameter deviations as long as (36) is satisfied. Thus, by calculating the difference of the estimated position 19' from (24) and filtering the noises contained in the signal, correct velocity ( e 6') of the motor can be obtained. Because the error between the estimated velocity 6 by (28) and the correct velocity 6' contains the information of the parameter deviations, the estimated parameters can be adjusted using the error.
The error of the stator resistance, for example, can be compensated as where g , is a positive constant. The cutoff frequency of the above low-pass filter for this compensation is 1 Hz in the simulations in Section VI. The very low cutoff frequency of the filter was chosen to eliminate a large amount of switching ripples. The correct velocity obtained through the low-pass filter with a big time constant cannot be used for the velocity control.
V. SWITCHING GAIN
The switching gain K ( = k . I ) should be chosen so as to be large enough to generate the sliding mode as given in (17).
If the gain is too conservative, the switching signals z will contain a great amount of ripples and be an another cause of estimation error. When the observer is in the sliding mode, e, = 0.
(41) Thus, the switching gain k should be k < min ( -1 K,II e,, -U,, I -1 w, 1, -I KEll Gip -U10 I -I W@ I) (42) or, the gain k can be chosen to be less conservative using the switching signals smoothed through an appropriate first-order filter zf as k < -f i . (43) Although the observer is not in the sliding mode, gain k should be sufficiently small. From some experiments, it is found that (15) can be satisfied by the following gain:
The severe condition occurs when the stator currents of the motor changes stepwisely. At this instance, the errors of the stator currents e, becomes . . 
VI. SIMULATIONS
Using the estimated position and velocity values obtained from the adaptive sliding mode observer, simulations of velocity control of a brushless dc motor with ratings of 1.5 kW were carried out. The constants used for the simulations are listed on Table I . The PWM inverter used hysteresis comparators for controlling the stator currents. The hysteresis width was adjusted so that the maximum switching frequency of the PWM inverter was 10 kHz. The sampling time of the adaptive sliding mode observer was set to be 25 ps. The calculation of the adaptive observer in this period is possible using a digital signal processor (DSP). The sampling time of the velocity controller was 250 p. Fig. 7 shows the case where the velocity command U* was changed to 20 -+ 2000 + 20 r/min. Fig. 8 shows the results with U* = 20 4 200 -+ 20 r/min. The results show that the error between the obtained velocity and the command was less than 1% of the rated velocity of 2000 r/min. Fig. 9 shows the error between the estimated motor velocity and the actual motor velocity. The actual stator resistance R was greater than the estimated value R by 10%. The velocity command was 200 r/min. At Fig . 10 shows the simulation results using the parameter compensation scheme expressed by (40) . Part (a) shows the estimation error of the velocjty and part (b) the ratio of the estimated stator resistance R and its initial value R,. The simulation conditions were the same as those in Fig. 9 . The low-pass filter for 6' was a first order system with its time constan: being 1 s. The estimated value of the stator resistance R was gradually corrected and the estimation error of the motor velocity converged to zero. At the first 100 ms of the load change, the estimated resistance went in the opposite direction. This was caused by the large time constant of the low-pass filter. The parameter adjustment can be done while the motor is in constant speed operations.
VII. CONCLUSIONS
This paper presented a new method of position-and-velocity sensorless control for brushless dc motors using an adaptive sliding mode observer. Stability of the adaptive scheme was assured and quantitative analysis of estimation error caused by parameter deviations was shown. A method of parameter adjustment was described.
In the region where the velocity of the motor w is small and the motor load is large, i.e., the magnitude of the stator currents i, is large, the condition given by (36) will not be satisfied. The position of the rotor should be sensed, for example, by a method injecting a small signal into the brushless motor.
